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Abstract 
Simulation studies on CO2 injection operations for geological storage shows that the pressure wave propagates much 
faster and wider than the CO2 plume. This must be addressed in any site modelling by proper boundary conditions 
since the pressure rise can reach the model delineation and then cause unrealistic high simulated pressure increase in 
the site model if the site model boundaries are closed. Any dynamic capacity estimation method depends on the 
modelled pressure distribution and tends to erroneously results, if the boundary problem is not addressed adequately.    
 
This study illustrates how the boundary problem can be analysed by developing a regional scale model surrounding 
the site model. The use of pore volume multipliers is demonstrated to be a robust option to handle the boundary 
condition problem.   
 
A case study from a Danish onshore locality is presented. Static and dynamic modelling was done in Petrel and 
Eclipse 100 software respectively. 
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1. Introduction  
Modelling injection operations for geological storage of CO2, limited site models are often used in order 
to obtain numerical efficiency. For the simulation results to be realistic and trustworthy the boundary 
conditions for the modelling are crucial. Simulation studies have shown that the pressure wave propagates 
much faster and wider than the CO2 plume [1] and affects subsurface volumes that exceeds the extend of 
the plume. The boundary conditions set up must capture the specific pressure development. 
 
Available online at www.sciencedirect.com
 2012 The Authors. Publish d by Elsevier Ltd. Selection and/or pe r-review under resp i ility of SINTEF Energi AS
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
496   Carsten M. Nielsen and Peter Frykman /  Energy Procedia  23 ( 2012 )  495 – 503 
To study the spread of the pressure wave, a regional model, encircling a site model, was constructed and 
used to illustrate the large-scale pressure propagation and the influencing parameters. The important 
properties to be reflected in the regional model are the porosity and permeability levels in the reservoir 
layers to respond to the lateral propagation of the injection overpressure, and the caprock properties [2]. 
Large scale geological elements that have a significant impact on the relief and regional continuity must 
be incorporated together with influence from the caprock. The study outlines the work needed for 
constructing a regional model.  
 
Different options for boundary conditions can be used, and may be executed in commercial simulation 
software packages, each with limitations and advantages. In this study the Eclipse 100 reservoir simulator 
was used with the “pore-volume multiplier” feature used to model the boundary conditions. The pore-
volume multiplier is a common feature used to modify the model margin response by enlarging the 
possibility for fluid and pore volume compressibility to accommodate some of the overpressure reaching 
the site model margin. With the pore-volume multiplier option the two extreme boundary condition cases 
can also be modelled; i.e closed boundaries and constant pressure boundaries by setting the multipliers to 
unity or to a very high number, respectively. Closed boundaries will overestimate the pressure rise at the 
injection site, whereas the constant pressure boundary condition tends to underestimate the pressure rise 
as the overpressure is forced to a fixed value at the edge of the site model.   
 
However, there exists no quantitative advice on the magnitude of pore volume multiplication. To examine 
an approximation of the adequate size of the pore volume enlargement a procedure of combining the 
regional model results with the isolated site model may be used. By monitoring the pressure evolution at 
some points coinciding with the site model boundaries within the regional model run, these observations 
can be used for a history match of the site model boundary pressure history by iterating with different 
multiplication factors for the pore volume at the site model margins.  
 
In simple cases a single factor can be used for the full injection history, but often several time-depending 
factors are necessary to obtain a fair match. This iterative history match procedure can be performed on a 
coarse gridded site model, and then installed for a more detailed and fine gridded site model and fine-
tuned with a few matching runs. 
 
 
2. Model development 
The Gassum formation (upper Triassic – lower Jurassic) onshore Denmark is used as example, Fig. 1, 
where an area covering 160 km x160 km constitutes the regional model. The injection site model is a 
structural closure approximate in the middle of the regional model. The site model covers an area of 24 
km x 16 km. For this study a single injection well placed at the eastern flank of the structure was 
simulated.  
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Fig. 1. Model delineation. Top map of the Gassum formation onshore Denmark. The regional model covers an area of 
160 km x 160 km encircling the site model (purple square) with an area of 24 km x 16 km. 
 
2.1. Static model 
A Top Trias map was used to guide the top horizon for the modelling, Fig.1 [3]. A significant relief at the 
western part of the area caused by penetrating salt diapirs was edited and smoothed to facilitate the 
gridding procedure. The smoothed grid cells were to some extent left inactive in the dynamic modelling 
to mimic the limited reservoir quality in these areas. 
 
An old exploration well exist on the structural closure of the site model, Gassum-1 well. The vertex of the 
closure is at a depth of 1435 m. The log interpreted porosity distribution was upscaled and used as basis 
for the porosity model, Fig. 2. A simple layer-cake model approach was used distributing the upscaled 
porosity values as homogeneous layers laterally. The model thickness was also determined from the well 
log ignoring the lateral variation in both thickness and properties that exist [4], for this study it was 
assessed to be acceptable. 
The upscaled porosity values were further upscaled by a factor of 2 in order to decrease the number of 
vertical layers in the model to restrict the number of model grid cells. An overlying caprock was added by 
including two layers of grid cells with 10 time higher capillary entry pressure. The regional model then 
constitutes of 160 x 160 x 27 grid cells.  
 
The thickness of the caprock is 200 m with a constant porosity of 0.1 and constant permeability of 1 mD. 
The reservoir section is 125 m thick with an average (arithmetic) permeability of approximate 200 mD. 
Permeability values for each grid cells were assigned by a permeability porosity relationship based on 
core analysis data, Fig. 3.  
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Fig. 2. Gassum-1 well. Log interpreted porosity distribution and upscaled porosity values. The facies succession is 
based on the GR log and core description.  
 
 
 
 
Fig. 3. Porosity permeability relationship based on core analysis data. 
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2.2. Dynamic model 
Eclipse 100 black oil reservoir simulator was used for simulations of the CO2 injection scenarios [5]. 
When dealing with a CO2 – brine system Eclipse 100 can be used simply by treating the CO2 and brine 
phases as the simulator gas phase and simulator oil phase, respectively. Fluid data descriptions were taken 
from the literature [6-8]. Saturation functions were taken from the work of Bennion & Bachu [9,10]. A 
rock compressibility of 7*10-5 bar-1 and a brine compressibility of 3*10.5 bar-1 were used. 
 
The Eclipse well option was used to describe the injection well in the simulator [5]. The well was 
controlled by the injection rate (surface conditions). A bottom hole pressure (BHP) limit was set in order 
to secure that the injection pressure did not exceed the formation fracture pressure. The well was 
modelled as a vertical well placed down flank to the east of the structure. It was completed in the entire 
reservoir section. Top reservoir at the well location is at a depth of 1960 m. Eclipse Well Option balances 
the total through put from the well to the reservoir for the individual grid cells by a “connection 
transmissibility factor”, which was calculated by default by the simulator. 
 
For the site model the “pore-volume multiplier” option was used as boundary condition, Fig. 4. The pore-
volume multiplication is controlled by the MULTPV keyword in Eclipse. The pore volume for the 
outermost grid cells is then multiplied with the factor set by the MULTPV keyword.  
 
Initially the simulations were started from hydrostatic pressure equilibrium. The injection schedule for 
both the regional model and the site model was a constant injection rate of 3.15 MT/year for a period of 
40 years. A relative high injection rate for a single injection well, but the flowing BHP did not exceed 280 
bar in the simulation runs. A stated above a BHP limit was set to avoid formation fracturing; for the 
formation and depth the lithostatic pressure was assessed to be around 400 bar and with a 80% safety 
margin the BHP limit was 320 bar. 
 
 
 
 
Fig. 4. Injection well location and delineation of the site model. The outermost grid cells for the site model (in red) 
are used to model boundary conditions with the “pore-volume multiplier” option. 
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3. Results and discussion 
The simulated bottom hole pressure (BHP) as a function of injection time, was used to match the 
simulations from the site model to the simulation results from the regional model. The MULTPV factor 
was used as the adjustable parameter. Additional, the simulated pressure profiles measured across the 
models and through the injection well location were compared. The pressure profile comparison could 
reveal how uniform the pressure propagates from the injection site; if the profiles were somewhat biased, 
different values of MULTPV for the individual grid cells must to be used. Figure 5 shows the simulated 
pressure distribution and profile after 40 years of injection in to the regional model. Clearly the pressure 
(water potential) has propagated far beyond the delineation of the site model. 
    
 
 
Fig. 5. Simulated over pressure (water potential) distribution after 40 years of CO2 injection. (3.15 T CO2/y). The 
pressure profile follows the orange line through the injection site. 
 
 
To match the BHP from the simulation run with the regional model the MULPTV values had to be 
increased successively through the 40 years of injection. Figure 6 shows how the simulated BHP from the 
site model starts to deviate from the regional BHP. To abtain a good match the MULTPV factor was set 
at a low value in the beginning of the injection period, then the factor most be increased from the time of 
the simulation when the BHP results starts to deviate. When the MULTPV factor is increased the 
simulation must be restarted with the simulated values for pressure and CO2 saturation at the time of BHP 
deviations. Here the Eclipse RESTART option was used.  
 
In the presented study a good match was obtained after 6 adjustments.  
 
In figure 7 the simulated pressure profiles (water potentials) are pictured for different times through the 
injection schedule. From picture A, simulation results from the regional model, it is obvious that the 
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pressure quickly propagates far beyond the delineation of the site model. Actually, between 20 and 40 
years of injection the pressure increase reaches the boundary of the regional model.  
 
Fig. 6. Match of simulated bottom hole pressure (BHP). Dotted red curve is the “true” simulated BHP from the 
regional model. The solid lines are the simulate BHP from the site model. 
 
From picture B, where the boundary for the site model was closed, it is shown how the pressure increases 
dramatically. Resulting in an erroneously pressure history. For the case where the MULTPV factor is very 
large, simulating an almost constant hydrostatic pressure boundary condition, the pressure was 
underestimated, as the simulated pressure is forced to an erroneously low value at the site delineation. 
Finally, picture D shows the results from the simulation with the adjusted MULTPV as boundary 
condition. Here the pressure distribution inside the site model corresponds to the pressure development 
when running a large regional model. 
 
A simple procedure for using “pore-volume multiplier” as boundary conditions can be set up: 
 
1. Run the regional model for the injection scenario. 
2. Run site model with first guess on MULTPV 
3. Compare BHP’s and pressure profiles  
4. Adjust MULTPV at different simulation times 
5. Repeat step 3 – 4. 
 
Some commercial reservoir simulator has the option of storing fluxes from a regional model in to a file 
that can be used as boundary conditions for a site model, e.g. the “Flux boundary condition option” in 
Eclipse. This automatically procedure may become handy when running many scenarios. Compared to 
the present method the flux boundary condition option can skip step 3 and 4 in the above procedure. Both 
methods will be dependent on changes in shifts in the injection scheme.     
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Fig.7. Pressure profiles (as defined in Fig. 5); A: Simulation results from the regional model for different injection 
times. Vertical purple lines delineate the site model extension.  B: Simulation results from the site model with closed 
boundaries for different injection times. Dotted lines show the corresponding simulation results from the regional 
model. C: Simulation results from the site model with high MULTPV values as boundary conditions for different 
injection times. D: Simulation results from the site model with adjusted MULTPV values as boundary conditions for 
different injection times.    
4. Conclusion 
This study emphasizes and demonstrates how important the management of boundary conditions is for 
site restricted studies.  
 
It is concluded that the use of “pore volume multiplication” for defining boundary conditions in 
simulating a CO2 injection process is a simple and robust technique giving comparable results to using a 
larger model region.  
 
Using a site model for dynamic capacity estimation of CO2 storage the correct pressure development is 
crucial. The present study illustrates some of the pitfalls and benefits, when combining a site model with a 
larger regional model. Most subsurface geological storage sites are in direct communication with the 
surroundings so even a simple regional model can strongly improve the management of boundary 
conditions. 
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The influence from caprock properties, reservoir compressibility properties and dissolution effects during 
simulation are important aspects that should be investigated on site related scenarios. These aspects can 
greatly impact the dynamic capacity estimation.  
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